Abstract The left ventricular hypertrophy that develops with the volume overload of mitral regurgitation is relatively less than that which develops with the pressure overload of aortic stenosis even when both lesions are severe. The hypertrophy that develops must be the sum of changes in the rate of myocardial protein synthesis and degradation. In the present canine study, we explored early changes in the synthesis rate of myosin heavy chain in response to severe acute pressure overload versus that of the severe acute volume overload of mitral regurgitation. We tested the hypothesis that in acute overload, the rate of protein synthesis would increase less in the volume-overload model than in the pressure-overload model, a potential partial mechanism for the discrepancy in the eventual total amount of hypertrophy that develops in these two lesions. Acute pressure overload was produced by inflating a balloon in the descending aorta, and acute volume overload was produced by using our closed-chest mitral chordal rupture technique. In both models, the hemodynamic lesion that was created was severe. In eight dogs with pressure overload, the average gradient across the balloon was 119.8±6.1 mm Hg. In six dogs with volume overload, the average regurgitant fraction was 0.67±0.06. Six other dogs served as controls. The average rate of myosin heavy chain synthesis in control dogs was 2.7±0.2% per day, virtually identical to the rate we found in the severe volume-overload model. In contrast, the rate was increased in the pressureoverload model by 30% to 3.5±0.3% per day (P<.05). We conclude that the rate of myocardial protein synthesis increases measurably after 6 hours of severe pressure overload but does not after 6 hours of severe volume overload. If these early qualitative differences persisted, they would help explain the relative lack of hypertrophy in the volume overload of mitral regurgitation. (Circ Res. 1994;75:418-425.) Key Words * hypertrophy * myosin synthesis rate . pressure overload * volume overload T he imposition of long-standing cardiac hemodynamic overload results in the development of ventricular hypertrophy. In pressure overload, concentric hypertrophy develops, whereas in volume overload, eccentric hypertrophy develops. These adaptations are at least initially beneficial, since concentric hypertrophy in pressure overload normalizes systolic load, thereby maintaining pump performance, whereas eccentric hypertrophy in volume overload allows the ventricle to pump the required extra stroke volume.1,2 However, the volume overload of mitral regurgitation, in which the excess volume is ejected into the left atrium under low pressure, typically results in less hypertrophy (a smaller increase in left ventricular mass) than does either pressure overload or high-pressure volume overload.1-23 It should be noted that these observations were derived from studies in which the severity and duration of the overload varied substantially.1,3-23 However, under more controlled conditions, we recently found that the severe volume overload of mitral regurgitation Received November 4, 1993; accepted May 4, 1994. produced substantially less hypertrophy than the severe pressure overload of aortic stenosis when animals with the two types of overload were matched by stroke work (SW, a commonly shared hemodynamic parameter).24 Further, when both aortic stenosis and mitral regurgitation were so severe that they led to heart failure, the hypertrophy of volume overload was less than half that found in pressure overload. Thus, the hypertrophic compensation in mitral regurgitation appears limited compared with that of other overloads.
T he imposition of long-standing cardiac hemodynamic overload results in the development of ventricular hypertrophy. In pressure overload, concentric hypertrophy develops, whereas in volume overload, eccentric hypertrophy develops. These adaptations are at least initially beneficial, since concentric hypertrophy in pressure overload normalizes systolic load, thereby maintaining pump performance, whereas eccentric hypertrophy in volume overload allows the ventricle to pump the required extra stroke volume.1,2 However, the volume overload of mitral regurgitation, in which the excess volume is ejected into the left atrium under low pressure, typically results in less hypertrophy (a smaller increase in left ventricular mass) than does either pressure overload or high-pressure volume overload.1-23 It should be noted that these observations were derived from studies in which the severity and duration of the overload varied substantially.1,3-23 However, under more controlled conditions, we recently found that the severe volume overload of mitral regurgitation ©31994 American Heart Association, Inc.
produced substantially less hypertrophy than the severe pressure overload of aortic stenosis when animals with the two types of overload were matched by stroke work (SW, a commonly shared hemodynamic parameter). 24 Further, when both aortic stenosis and mitral regurgitation were so severe that they led to heart failure, the hypertrophy of volume overload was less than half that found in pressure overload. Thus, the hypertrophic compensation in mitral regurgitation appears limited compared with that of other overloads.
The amount of hypertrophy that develops during chronic overload is the summation of changes in the corresponding rates of myocardial protein synthesis and degradation. In the present study, we examined the acute change in contractile protein synthesis rate after the imposition of a severe acute pressure overload versus that after the imposition of a severe acute volume overload. The purpose of the present study was to test the hypothesis that severe acute low-pressure volume overload causes a smaller increase in myocardial protein synthesis rate than does acute pressure overload. If so, these initial events might be a first step in explaining the relative less hypertrophy that occurs in low-pressure volume overload versus pressure overload.
Materials and Methods Study Design
The rate of myosin heavy chain (MHC) synthesis was studied by examining the rate of incorporation of radiolabeled Leu ( [3H]Leu) into myosin25 over a 6-hour infusion period.
Three groups of animals were studied: (1) control dogs, (2) dogs with acute pressure overload (POL group), and (3) dogs with acute volume overload (VOL group). Obviously, for the study to have meaning, the severity of the overload had to be similar; it would be pointless to compare the hypertrophic response of mild acute volume overload with that of severe acute pressure overload. Unfortunately, comparing these two entities is difficult because they are hemodynamically so dissimilar. In the present study, our definition of "severe" for pressure and volume overload was identical: the most overload that could be created and tolerated by the animal without causing deterioration for the 6 hours of [3H]Leu infusion. In the POL group, the overload was created by an intra-aortic balloon placed in the descending aorta and inflated to the maximum degree, which allowed a mean distal perfusion pressure of at least 50 mm Hg. With this degree of stenosis, no dog developed acidosis, as determined by arterial blood gas determinations; other parameters, including forward stroke volume (SVf) and pulmonary capillary wedge pressure (PCW), did not deteriorate, further indicating experimental stability. However, in experiments not reported in the present study in which distal perfusion pressure was <50 mm Hg, deterioration inevitably occurred. Thus, distal perfusion pressure was a good guideline for assessing the maximum severity of aortic obstruction that could be tolerated. Volume overload was created by producing acute mitral regurgitation by use of our previously reported closed-chest chordal rupture technique.22-24 Enough chords were severed to reduce SVf by 50%, to increase PCW to 20 mm Hg, and as in pressure overload to allow for a mean arterial pressure of at least 50 mm Hg. When these criteria were used, no VOL animal developed pulmonary edema or acidosis, but the amount of regurgitation was +4/+4 on the standard angiographic scale, and all subjects had a regurgitant fraction (RF) of >60%. Since RFs of >70% inevitably cause pulmonary edema in this model, this guideline also seemed appropriate in defining the maximum tolerated lesion. 
Experimental Preparation

Calculation of MHC Synthesis Rate
The fractional rate of MHC synthesis (K,) was calculated by measuring the incorporation of [3H]Leu into electrophoretically purified MHC. Mathematically, the change in specific radioactivity of MHC (dP7/dt) is described as follows: (1) dP*/dt=K,F* -KdP* where P* is the specific activity of the radiolabeled amino acid in the product pool, F* is the specific activity of radiolabeled amino acid in the precursor pool, and K, and Kd are the rate constants for MHC synthesis and degradation, respectively. Because MHC has a relatively long half-life, only a small fraction of the MHC pool is degraded over the 6-hour labeling period. Thus, the degradation constant (Kd) can be eliminated from Equation 1, resulting in the following formula: specific radioactivity of plasma Leu as the precursor pool. To further validate the use of the plasma Leu pool for calculations of MHC K,, the extent of equilibration between plasma Leuspecific radioactivity and leucyl-tRNA-specific radioactivitf7 was determined at the time of death. The contents of the vial were removed, the supernatant was dried by vacuum centrifugation, and the remaining dried residues were dissolved in 0.1 mol/L NaHCO3-Na2CO3 buffer, pH 9.5. The amino acids were reacted with 5 mmol/L dansyl chloride (5 dpm/pmol) and purified by two-dimensional thinlayer chromatography as described above. 
Determination of Leu-Specific
Measurement of Total RNA Content
Approximately 100 mg tissue was resected from each right and left ventricle and homogenized in 6% PCA. The homogenate was centrifuged for 10 minutes at 10 000g. After washing three times with 6% PCA, the pellet was hydrolyzed in 0.3N NaOH at 37°C for 2 hours. After addition of 1 mL of 4N PCA, the mixture was put on ice for 15 minutes and spun at 10000g for 10 minutes. The supernatant was removed, and RNA content was determined by spectrophotometry at a wavelength of 260 nm. The residual pellet was washed three times with 4 mL of 0.2N PCA and resuspended with 4 mL of 0.3N NaOH and incubated at37°C overnight. where MAP is mean arterial pressure (millimeters of mercury) and 0.0136 is a factor for converting millimeters of mercuryxmilliliters to gram-meters. SV, was total angiographic stroke volume in the VOL model and was assumed to be equal to thermodilution cardiac output divided by heart rate in control dogs and POL dogs.
Statistical Analysis
Data are presented as mean±SEM. Significant differences between means were tested by ANOVA followed by a Newman-Keuls test. Differences were considered statistically significant at a level of P<.05. Table 1 shows hemodynamic data averaged over the 6-hour infusions from data taken at hourly intervals. Heart rate was significantly increased in POL and VOL models compared with control dogs; however, there was no difference between the POL and VOL model. The average gradient across the balloon in the POL model was 119.8±6.1 mm Hg. Appropriately, systolic pressure was increased in the POL model by 44% compared with control dogs and by 84% compared with the VOL model. The average RF produced by the VOL model was 0.67±0.06. The VOL model produced a substantial increase in SVt, which was 100% greater than that of the POL model. External SW was increased in both overload models and tended to be higher in the VOL model than in the POL model.
Results
Hemodynamic Data
Because of concerns that coronary flow driving pressure was reduced in the VOL model, potentially causing ischemia, left ventricular lactate extraction was measured in three additional dogs undergoing the creation of mitral regurgitation in a fashion identical to that in dogs in which K, was measured. Lactate extraction was identical before and after the creation of mitral regurgitation, giving no indication that ischemia had developed.
Equilibration of Plasma and Leucyl-tRNA Pools
During Continuous Infusion  Fig 2 shows the plasma Leu-specific radioactivity time curve for all dogs during 6 hours of constant infusion of [3H]Leu. Characteristically, the specific radioactivity rose rapidly and plateaued during the first 60 minutes of infusion. The plasma Leu-specific radioactivity then remained constant over the remaining 5 hours of infusion.
Leucyl-tRNA-Specific Activity
Previous studies have demonstrated that the specific radioactivity of the plasma Leu and leucyl-tRNA pools equilibrates rapidly during the continuous infusion method.26 However, to be certain of this equilibration in our hands, the specific radioactivities of the plasma and leucyl-tRNA pools were measured at the completion of the 6-hour infusion to establish the extent to which equilibration between these pools was achieved. The ratio of leucyl-tRNA-specific radioactivity to plasma Leu-specific radioactivity was similar in control, POL, and VOL dogs (Fig 3) . Thus, in all groups, the plasma Leu-specific radioactivity equilibrated to a similar extent with leucyl-tRNA, the immediate precursor pool for protein synthesis. These findings validated the substitution of plasma Leu-specific radioactivity for that of leucyl-tRNA in the calculations of MHC K&.
MHC Synthesis Rate
In Fig 4, acute pressure overload, there was no detectable change in MHC synthesis rate during severe acute "pure" (low-pressure) volume overload. To our knowledge, this is the first report of the response of MHC rate in mitral regurgitation. Mitral regurgitation is distinct from other volume overloads because the extra volume pumped is pumped into the low pressure of the left atrium instead of the high pressure of the aorta.1122 Thus, we have considered mitral regurgitation "pure" volume overload because it lacks the elements of pressure overload. As shown in Table 3 , of the common clinical valvular lesions, this type of volume overload produces the least hypertrophy. This relative lack of hypertrophy in mitral regurgitation could obviously be due to a relatively smaller increase in myocardial protein synthesis rates or an increase in degradation rate. Our data indicate that at least initially there is a quantitative difference in the response of MHC synthesis rate to pressure versus low-pressure volume overload.
Previous Studies of Myocardial Protein Synthesis Rate
In discussing the present study in relation to previous studies of protein synthesis, several differences among the studies must be taken into consideration. These include the type and severity of the overload, whether synthesis constants were studied during the acute or the chronic phase of the hypertrophy, whether the studies were performed in vivo or in vitro, whether total protein versus contractile protein synthesis was studied, and the species and type of labeling procedure used. Table 4 summarizes some of these studies. In general, in pressure overload there is a modest acute increase in protein synthesis rate, which increases progressively more over the next several days. 31 35 In one reported study of high-pressure volume overload (aortic regurgitation),34 the increase in synthesis was delayed for 10 days and then increased progressively over the next 2 weeks. These data would be consistent with our finding of an early lack of response to acute volume overload. Other studies found that in papillary muscle, passive stretch such as might occur in volume overload increased protein synthesis less than did active tension development, which is required to increase in pressure overload.36,37 These in vitro data are also consistent with our in vivo data. Thus, MHC synthesis rate in acute pressure overload increases, whereas it does not in the volume overload of mitral regurgitation. Since hypertrophy does occur in volume overload, the protein synthesis rate must eventually increase unless degradation rate decreased. However, if this relatively lesser response in low-pressure volume overload persisted throughout the course of the overload, it would result in relatively less hypertrophy in volume overload unless degradation rate was decreased.
Analysis of the Stimulus to Hypertrophy
The obvious question is why would the protein synthesis rate be so different in the different types of severe overload? Presumably, the hemodynamic demands of the overload are transduced into genetic signals that increase transcription or translation or both, resulting in the accelerated synthesis of the myocardial proteins. It has been postulated that wall stress is a major mechanical stimulus to the two types of hypertrophy, with increased systolic stress leading to the concentric hypertrophy of pressure overload and increased diastolic stress leading to the eccentric hypertrophic response in volume overload.' Indeed, there is substantial evidence that at the cellular, tissue, and intact organ level, load is a predominant factor in regulating hypertrophy. Thus, Mann et a138 found an 89% increase in protein synthesis in isolated cardiocytes subjected to the mechanical load of simple stretch. These studies were performed in a plasma-free medium, a medium void of putative hormonal growth factors, suggesting that load alone was the major cause of increased protein synthesis. At the tissue level, Kent et al37 found that papillary muscles subjected to stretch increased protein synthesis, whereas active force development produced yet a greater increase in protein synthesis. In an elegant study in the intact animal, Cooper et al39 pressure-overloaded the right ventricle in the cat by pulmonary artery banding. At the same time, they locally unloaded a right ventricular papillary muscle by transecting its chorda tendinea. Thus, in the milieu of general ventricular pressure overload, a portion of the muscle was unloaded. While the ventricle hypertrophied, the transected papillary muscle atrophied, demonstrating that it was local load rather than milieu that regulated cardiac growth. ,B-Ad- (Fig 4) , protein content would not have been expected to change significantly during the 6-hour infusion period.
renergic and a-adrenergic blockade did not alter these results, diminishing the likelihood that the adrenergic nervous system played a role. Although mechanical load (wall stress) was not measured in the present study, systolic stress was almost surely elevated in response to pressure overload, whereas diastolic stress must have been elevated in response to volume overload. Stress is most simply described by the following LaPlace relation: (Pxr)/2h, where P is pressure, r is radius, and h is wall thickness. We know that systolic pressure was elevated in the POL model by 84% compared with the VOL model and 44% compared with the control group. Since PCW was slightly elevated in the POL model (Table 1) , it is likely that the ventricular radius increased slightly in the POL model (and thickness decreased slightly). Thus, both terms in the numerator increased while the denominator decreased so that systolic stress must have been increased in the POL model compared with the control group and the VOL model. On the other hand, diastolic stress must have been greatly increased in the VOL model, since PCW (diastolic pressure) was increased by 70% compared with the POL model and 100% compared with the control group. At the same time, we know that in the acute response, the left ventricular radius increases in this model by :-20%.23 Thus, diastolic stress must have been increased compared with the POL model, since diastolic pressure and radius were increased. The effects of the VOL model on systolic stress are more difficult to speculate about. The increase in radius would tend to increase systolic stress, and the decrease in pressure would reduce stress. However, we can conclude from these data that the putative mechanical signals for protein synthesis to increase (increased systolic stress in pressure overload and increased dia- We wish to again emphasize that lesions were qualitatively similar in severity. We induced as much pressure overload and volume overload as would allow for a stable preparation over 6 hours. One could argue that the hemodynamic lesions were so severe that the induced ischemia possibly prevented protein synthesis from occurring, especially in the VOL model. Since lactate was not produced in three comparable VOL dogs, we believe that ischemia is an unlikely reason that Ks failed to increase. In another comparison of severity, we also examined total external left ventricular SW, a hemodynamic parameter held in common between pressure and volume overload. External SW does not take internal work (potential energy) into account. However, the fact that external work actually tended to be greater in the VOL model than in the POL model further suggests that it was not less overload in the VOL model that led to the lack of an acute increase in the MHC synthesis rate.
In the acute POL model, in which the MHC rate increased, there was no increase in total RNA content. Since most of the RNA analyzed is rRNA, this finding implies that increased protein synthesis occurred without a detectable increase in ribosomes. In turn, these data suggest that this early protein synthesis rate increase was likely due to enhanced efficiency of existing ribosomes in producing proteins.
We conclude that MHC protein synthesis rate increases in acute severe pressure overload but not in severe acute low-pressure volume overload. These findings may help to explain quantitative differences in the magnitude of hypertrophy seen in pressure versus volume overload. These data also indicate a qualitative difference in the way the left ventricular myocardium responds to different types of hemodynamic stress.
